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ABSTRACT 

The Metchosin Igneous Complex, a partial ophiolite exposed on southern 

Vancouver Island, is the most northerly exposure of the Eocene Crescent Terrane. The 

role of the Crescent Terrane in crustal genesis and Cordilleran tectonics would be 

affected by its tectonic setting, however that setting is in debate. Analysis of trace 

element compositions of basalt from the Metchosin Igneous Complex by ICP-MS was 

used to determine the tectonic setting in which the complex formed. REE and HFSE 

compositions are transitional between N-MORB and E-MORB and do not suggest a 

unique tectonic setting. Strong enrichments of Nb and Ta relative to N-MORB are 

contrary to formation in a subduction zone. In conjunction with existing plate motion 

data, this makes a rifted-margin origin unlikely. Interaction at a distance between the 

Yellowstone hot spot and the Kula-Farallon ridge is proposed to satisfy all the geological 

and geochemical data. 

Many studies of ophiolites have interpreted high-temperature phases as 

hydrothermal in origin despite high permeability and low temperatures in sea floor 

volcanics. Metamorphic assemblages and compositions of metamorphic minerals were 

used to determine if alteration in the Metchosin Igneous Complex was related to sea floor 

alteration or obduction. Chlorite geothermometry and amphibole compositions show that 

peak metamorphic temperatures increase from east to west across the complex. The 

metamorphic facies increase from prehnite-actinolite and greenschist in the east to 

amphibolite in the west, corresponding with the temperatures inferred from mineral 

compositions. The temperature gradient is perpendicular to stratigraphy, whereas 



hydrothermal patterns are expected to be parallel to stratigraphy. Therefore the pattern of 

alteration in the Metchosin Igneous Complex is unrelated to sea floor alteration. 

Metamorphism during obduction has overprinted any hydrothermal alteration patterns. 

The east-west thermal gradient is attributed to tilting of the complex, either by tectonic 

forces or by unequal exhumation due to orographic effects. 
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Chapter 1: Introduction 

1.1. Introduction 

Continental growth has been ascribed to the accretion of island arcs and oceanic 

plateaus at convergent margins (Albarede, 1998; Condie and Abbott, 1999). Most of the 

Phanerozoic orogens along the western margin of North America have been attributed to 

the accretion of these types of terranes (Monger et al., 1982). Oceanic plateaus are hotter 

and composed of more buoyant material, making it easier for them to be obducted or 

accreted onto the continent. These oceanic terranes have been interpreted by some 

(Lapierre et al., 2003) to have begun evolving into continental crust prior to, or just after 

their accretion. Similar mechanisms have been proposed for the formation of Archean 

crust. 

Oceanic plateaus form due to the eruption of partial melts above the heads of 

mantle plumes. Consequently they have large surface areas and thicknesses approaching 

that of continental crust. The amount of oceanic crust generated by oceanic plateaus in 

the last 100 Ma is 4.9% of the volume of the continental crust, equivalent to an accretion 

rate of 3.7 km31yr (Schubert and Sandwell, 1989). At this rate, all of the continental crust 

could have been formed by accretion of oceanic plateaus alone in less the 2 billion years 

(Putchel et al., 1998). 

The Crescent Terrane which underlies the Olympic Mountains of northwest 

Washington State and the Coast Ranges of western Washington and Oregon has been 

interpreted as an obducted oceanic plateau (Duncan, 1982; Murphy et al., 2003). Whereas 

the Crescent Terrane is one of the most recent of several terranes to have accreted to the 



western margin of North America (Monger et al., 1982), the origin of this terrane is 

fundamental to our understanding of cordilleran tectonics and continental growth. 

However, the origin and tectonic setting of the Crescent Terrane are still debated. Early 

studies suggested that it formed as seamounts offshore in a ridge-centered plume setting 

(Duncan, 1982; Glassley, 1974; Snavely et al., 1968). Other work has suggested that it 

formed by rifting of the continental margin in a transtensional setting during the early 

Tertiary (Babcock et al., 1992; Engebretson et al., 1985; Wells et al., 1984). 

After its eruption oceanic crust may be altered by interaction with hydrothermal 

fluids on the ocean floor, and later by the P-T conditions generated during obduction. 

Alteration patterns documented for ophiolites and modem oceanic crust record the 

history of fluid-rock interaction associated with oceanic hydrothermal systems and, in 

some cases, their obduction onto land. Early ophiolite studies reported a progressive 

increase of metamorphic grade with depth, with most volcanic sequences being altered to 

zeolite to greenschist facies assemblages (Gillis and Banerjee, 2000). These patterns were 

generally attributed to seafloor alteration, even though thermal gradients were more 

typical of burial metamorphism. Exploration of the ocean floor by the Deep Sea Drilling 

Program (DSDP) and Ocean Drilling Program (ODP) has revealed that volcanic sequence 

on the ocean floor is highly permeable, permitting seawater circulation (Fisher, 1998). 

With the exception of tightly focused upflow zones, this circulation keeps temperatures in 

the volcanic sequence low (<50•‹C) resulting in low temperature assemblages (Alt, 1995). 

As a consequence, the temperatures required to form the mineral assemblages typical of 

many ophiolites, such as chlorite, prehnite, pumpellyite, epidote, or actinolite, cannot be 

attained except in localized zones of high temperature upflow. If prehnite-pumpellyite 



and lower greenschist assemblages are the result of seafloor hydrothermal alteration, then 

either our understanding of the physical properties of the ocean crust is hndamentally 

flawed, or the thermal structure of the ocean floor has changed radically within the last 

few million years. Conversely, if these assemblages are not the result of seafloor 

hydrothermal alteration, then they must have been formed during subsequent 

metamorphic events related to the obduction of ophiolites and cannot be used to examine 

seafloor processes. 

1.2. Reason for Study 

The Metchosin Igneous Complex on southern Vancouver Island is the most 

northerly exposure of the Crescent Terrane (Figure 1) and is an ideal location to 

determine the tectonic setting in which the Crescent Terrane formed. Geophysical 

information provided by the LITHOPROBE project (e.g. Clowes et al., 1987; Yorath et 

al., 1999) and more recent analysis of surface geology (Johnston and Acton, 2003) have 

revealed the deep crustal structure and the processes and possible consequences of 

accretion of the complex beneath southern Vancouver Island. Furthermore, the tectonic 

setting in which the Metchosin Igneous Complex formed may be used to constrain the 

location and interaction of the Yellowstone hot spot with the Kula-Farallon spreading 

center during the early Eocene. Subduction of the Kula-Farallon ridge may have modified 

the characteristics of the Laramide orogeny (Murphy et al., 2003). Accretion of the 

Crescent terrane affected the shape of Vancouver Island and the Olympic Peninsula 

(Johnston and Acton, 2003). 



Figure 1: Location of the Metchosin Igneous Complex, Crescent Terrane and Coast 
Range Basalts (after Duncan, 1982). Points D-14 and H-68 are the location of the Shell 
Anglo Zeus D-14 and Prometheus H-68 test wells in the Tofino Basin. 



The metamorphism of the Metchosin Igneous Complex has not been previously 

documented. Our understanding of the effects of emplacement on the metamorphic 

history of the complex and how emplacement-related metamorphism may obscure 

seafloor hydrothermal alteration may influence the interpretation of alteration patterns in 

other ophiolites. The presence of high-temperature assemblages in ophiolites should be 

viewed as suspicious because the temperatures required to produce them cannot be 

achieved in a normal seafloor environment. 

1.3. Geological Background 

The Metchosin Igneous Complex is the most northerly exposure of the Crescent 

Terrane which includes the Crescent Formation and the Coast Range Basalts of western 

Washington and Oregon states (Babcock et al., 1992). The complex is bounded to the 

north and west by the Leech River Fault which separates it from the Pacific Rim and 

Wrangel terranes (Figure 2), beneath which it was emplaced circa 42 Ma (Yorath et al., 

1999). The Leech River fault has been imaged by seismic reflection and interpreted as a 

thrust fault dipping 35" to 45" to the northwest and extending to a depth of 10 km 

(Clowes et al., 1987). The Metchosin Igneous Complex is unusual in that it is thrust 

beneath the Pacific Rim terrane and Wrangellia, whereas most ophiolites are thrust over 

older terranes. The complex is locally overlain by clastic sedimentary rocks of the 

Oligocene Sooke Formation and Pleistocene glacial sediment (Muller, 1980). Exposure is 

limited to the south, east and west by the Juan de Fuca Strait. The Crescent Terrane 

continues offshore to the north and west of the Metchosin Igneous Complex, where it 

forms the basement of the Tofino Basin (Yorath et al., 1999). 





The Metchosin Igneous Complex was originally described as two separate 

formations, the Metchosin Volcanics and Sooke Gabbro (Clapp and Cooke, 19 17) but 

was later recognized as an ophiolite by Massey (Massey, 1986). The complex is 

composed of a 3 to 5 krn thick volcanic sequence overlying a 500 to 1500 m thick 

sheeted dike complex and thin gabbroic sequence. The volcanic sequence is intruded 

bygabbro and tonalite sills which are several hundred meters thick and yield U-Pb ages of 

58 to 52 Ma (Yorath et al., 1999). The basal mafic and ultramafic cumulates or mantle 

section of the ophiolite are not exposed. If present, these lithologies are either beneath the 

Juan de Fuca Strait or located at depth (Clowes et al., 1987; Ramachandran, 2001). 

The Metchosin Igneous Complex volcanic sequence may be subdivided into 

upper and lower units based on morphology (Muller, 1977). The lower unit consists 

primarily of pillow basalt with occasional massive flows and rare interbedded chert 

layers. By contrast, the upper unit is almost entirely massive flows 0.5 m to 5 m thick 

with rare volcaniclastic deposits. The upper unit is commonly interpreted to have erupted 

subaerially due to the absence of submarine morphologies (Muller, 1977); however 

detailed mapping and sampling in this study did not reveal decisive evidence for its 

eruptive environment. Babcock et al. (1992) found that the Crescent Formation may be 

divided into lower and upper members, with strong evidence for subaerial eruption and 

distinct chemical trends between the two members. Similar differences in chemistry 

between the upper and lower units are observed in all of the Coast Range Basalts (Pyle, 

1988). 

The volcanic stratigraphy of the Metchosin Igneous Complex is disrupted by 

numerous faults, making it difficult to establish the extent of tectonic thickening (Massey, 



1986; Muller, 1977). The only distinctive stratigraphic feature, the transition from the 

lower to upper unit, is not repeated by faulting which suggests limited tectonic thickening 

of the complex. The most complete stratigraphy is observed in the east where volcanic 

morphologies are well-preserved and are only rarely cut by brittle faults. By contrast, a 

greater degree of brittle deformation, a larger number of small faults and joint planes, and 

an overprint of primary basalt morphologies make it difficult to determine stratigraphic 

location in the west of the complex. 

1.4. Analytical Approach and Sampling Strategy 

The trace element geochemistry of basalts is a usehl tool for determining the 

tectonic environment in which they formed (Pearce, 1996). Only limited studies have 

been done on the trace element geochemistry of basaltic rocks in the Metchosin Igneous 

Complex . Trace element geochemistry was used in this study in order to determine the 

tectonic setting in which the Metchosin Igneous Complex formed and to address its 

significance for the tectonic setting of oceanic plateau accretion. 

Few attempts have been made to distinguish between seafloor hydrothermal 

alteration and regional metamorphism in ophiolites. Isotopic systems have been used to 

distinguish between the effects of seawater-derived and regional metamorphic fluids 

(Harper et al., 1988). Major and trace element compositions of metamorphic minerals 

have also proven useful in determining their environment of formation (Hannington et al., 

2003).There is, however, no single proven method for distinguishing between these two 

metamorphic environments. Mineral assemblages and compositions were used to 



constrain the P-T conditions under which the Metchosin Igneous Complex was 

metamorphosed. 

Samples were collected along four strike-normal transects from the terrane- 

bounding Leech River Fault in the north to the southernmost exposure of the volcanic 

sequence in the south (Figure 2). Transect locations were designed to yield maximum 

coverage along strike, and samples were collected to give the greatest stratigraphic 

coverage on each transect. A major intra-terrane fault cuts the southern extent of the 

Tugwell Creek transect (Figure 2), and the resulting brecciation makes it difficult to 

determine stratigraphic location below this fault. The original basalt morphologies along 

the westernmost transect have been completely obscured by deformation, so it was not 

possible to distinguish between lava units. 

Only samples collected along the two easternmost transects of the complex, where 

the stratigraphy is most complete and un-interrupted by faults (Figure 2), were used for 

geochemical analysis. Samples collected from the west of the complex were not used for 

geochemical analysis as a consequence of the higher degree of alteration and lack of 

stratigraphic control. For the easternmost transect, samples were collected from the 

terrane bounding Leech River Fault to the top of the sheeted dike complex. On a second 

transect, 20 krn to the west, samples were collected along the Sooke River from the 

Leech River Fault to the southernmost extent of the pillow basalt exposure. In addition, 

four samples of drill cuttings from the Shell Anglo Zeus D-14 and Prometheus H-68 drill 

holes in the Tofino Basin were analyzed to determine their trace element compositions 

(Figure 1) to test inferences that these basement rocks belong to the Crescent Terrane. 



Stratigraphic location in the Metchosin Igneous Complex is poorly constrained. In 

the east of the complex the boundary between the upper and lower units of the volcanic 

sequence provides the only good constraint on stratigraphy. This boundary has been 

reported from one location (Massey, 1986) and mapped at three others. It does not 

deviate from its predicted position by more than 100 m. The stratigraphic location of all 

samples was calculated based on their distance from this boundary and corrected for a 30 

degree dip (Muller, 1977). The lower unit of the volcanic sequence consists largely of 

pillow basalt which makes it necessary to use occasional massive flows and sedimentary 

layers to obtain orientation of the stratigraphy. In the upper member, the orientation may 

be taken from the tops of massive flows. In both of these cases flat surfaces are rarely 

exposed and are commonly weathered to form irregular surfaces, making strike and dip 

unreliable. Small scale deformation has also altered the orientation of the stratigraphy in 

several outcrops. Dip angle in the east of the complex varies from ten to sixty degrees. 

Dip direction, however, remains relatively constant at -030 degrees. The consistency of 

dip direction and location of the boundary between upper and lower volcanic units 

suggests that the stratigraphic position of samples relative to one another is relatively 

well constrained in the east. 

In the west of the complex basalt morphologies have been totally destroyed, 

making stratigraphic location less accurate. Stratigraphy may be extrapolated from the 

east of the complex, however this may not be valid, especially due to the presence of two 

large intraterrane faults. The presence of volcaniclastics in the westernmost transect and 

seafloor sediment in one of the westernmost outcrops demonstrates that the sheeted dikes 

have not been reached, but otherwise stratigraphy is unconstrained. 



Chapter 2: Origin of the Metchosin Igneous Complex 

2.1. Igneous Petrography 

The basalt in the Metchosin Igneous Complex varies in texture from hypohyaline, 

with up to 70% glass, to fine-grained, with generally less than 5% glass. Glass has been 

completely replaced in all samples and is inferred from patches of chlorite or prehnite 

that are not associated with other igneous phases. Samples vary from aphyric to slightly 

phyric basalt containing up to 15% phenocrysts. Hypohyaline samples exhibit variolitic 

and spherulitic quench textures with dendritic plagioclase and branching clinopyroxene. 

Plagioclase is acicular and commonly displays swallowtail and hopper structures. 

Pilotaxitic alignment of plagioclase laths is observed in four samples. By contrast, fine- 

grained basalt flows are more granular, indicative of a slower cooling rate. Clinopyroxene 

grains in fine-grained basalt are subophitic, and plagioclase is intersertal. Ilmenite is the 

primary opaque phase and forms up to 20% of the modal mineralogy. Most basalts are 

vesicular with up to 20% vesicles in some samples. The vesicle walls in five samples 

show much more rapid quenching than the surrounding groundmass and show collapse 

textures formed during cooling. 

Medium-grained glomerocrysts of intergrown plagioclase and clinopyroxene 

occur in six samples. In the glomerocrysts, plagioclase exhibits sieve textures, and both 

plagioclase and clinopyroxene exhibit strong zoning, undulatory extinction, numerous 

fractures, and dissolution rims. The spatial relationships of these glomerocrysts and their 

disequilibrium and stress textures suggest that they are entrained portions of gabbro and 

not necessarily cognate (Dick and Johnson, 1995). Large crystals of plagioclase and 



clinopyroxene that are not intergrown are interpreted to have formed by the same 

mechanism based on the occurrence of similar stress and disequilibrium textures. Olivine 

microphenocrysts (50 pm) are inferred from the presence of hexagonal chlorite 

pseudomorphs. 

2.2. Whole-Rock Geochemistry 

2.2.1. Methods 

Twenty-nine samples were analyzed for major, minor, trace, and rare earth 

elements. Samples were selected to provide complete stratigraphic coverage of the 

transects and, where possible, from near pillow rims or flow margins to represent liquid 

compositions. Samples were crushed using a steel jaw crusher and powdered using a steel 

ring mill. Vesicle filling minerals were not removed from the basalt. Major and minor 

elements were determined by x-ray fluorescence (XRF) at the Geochemical Laboratories 

of McGill University (Appendix I). Analyses were performed with a Philips PW2400 

XRF spectrometer on 32 mm diameter beads prepared by lithium tetraborate fusion. An 

assessment of accuracy was provided by the laboratory and precision was determined by 

duplicate analysis of sample ST-43. The accuracy for SiOz is *0.5%, and for all other 

major elements is within &I%. Precision is better than *2% for all elements except K20 

which is k7.5%. The low precision of K20 is a result of its low concentrations. Three 

analyses were discarded on the basis that they consistently plotted as outliers and showed 

extensive alteration in thin section. Two of these samples were collected from near a 

gabbroic intrusion, and the third was from near the Leech River Fault. 



Two hundred mg of rock powder from each sample was dissolved using the HF- 

nitric dissolution technique outlined in Jenner et al. (1990). Trace element compositions 

were determined by solution nebulization inductively coupled plasma mass spectrometry 

(ICP-MS) at the University of Victoria (Appendix 2). Accuracy and precision were 

determined by replicate analysis of USGS BCR-2 standard. Accuracy was better than 

10% for all elements except Nb (18%), Hf (18%) and Lu (16%), and precision was better 

than 10% for all elements except for Sm (1 1%). BCR-2 does not have an accepted value 

for Nb concentration, so the unofficial value of 14 ppm used in this study may be 

systematically in error. Accuracy and precision for the Tofino Basin drill cuttings is 

better than 5% for all trace elements except Zr and Nb which had precisions of 6.5% and 

8.3% respectively and Sm which had an accuracy of 6.1%. 

2.2.2. Results 

2.2.2.1. Element Mobility 

The Metchosin Igneous Complex is metamorphosed and may have undergone 

chemical modification as a result (see Chapter 3). It is therefore necessary to demonstrate 

that the primary igneous geochemistry in these rocks has not been changed by element 

remobilization (Pearce, 1996). For trace elements, this was accomplished simply by 

plotting one trace element against another. If both elements are immobile, then they 

should plot as a straight line with little scatter, whereas plotting a mobile element against 

an immobile element produces a random scatter of points (Figure 3) (Cam, 1970). If both 

elements are mobile but have similar chemical behavior, such as K and Rb, they may plot 

as a straight line when compared against each other; but plotting them against an element 



Figure 3: Diagrams of A) two conserved trace elements (Zr and Sm) showing strong 
correlation and B) a conserved trace element (Zr) and a mobile element (Ba) which show 
no correlation. Filled circles represent aphyric samples, whereas open squares represent 
glomerocryst-bearing samples. Sample error bars represent the maximum 20 error. 



which has a different chemical behavior produces a scatter of points. Using this approach, 

only K, Ba, and Sr were found to be mobile in the basalt samples analyzed in this study. 

Pearce element ratios (Pearce, 1968) were used to determine the mobility of the 

major elements. The stoichiometric equivalent of the fractionating assemblage divided by 

a conserved element, was plotted against Si divided by the same conserved element 

(Stanley and Madeisky, 1996). Conserved elements are elements which are incompatible 

during magmatic differentiation and have not been subsequently remobilized. If the major 

elements are immobile and the fractionating assemblage has been correctly identified, the 

Pearce element ratios should ideally all plot along a line with a slope of 1. 

Phenocryst assemblages in Metchosin Igneous volcanics suggest the fractionating 

assemblage is olivine + clinopyroxene + plagioclase. This is consistent with the presence 

of clinopyroxene, plagioclase and olivine in the gabbros underlying the volcanics in the 

complex (Yorath et al., 1999). Using Zr as the conserved element in the denominator 

yields a best fit line with a slope of 1 .O5 and an R~ value of 0.98 (Figure 4), which is well 

within the variation expected from a natural system. These tests for element mobility 

assume a closed magmatic system and constant source composition. A constant source 

composition is not a strictly valid assumption and may account for the scatter around the 

observed trends. The degree of scatter between Na20 and Mg# (Mg/(Mg+Fe))suggests 

that sodium may be mobile; however, due to the low concentrations of sodium, its 

mobility only generates a small degree of scatter on the Pearce fractionation plot and is 

not easily determined. The fit and slope of the regression in Figure 4 demonstrates that all 

other major elements have remained immobile during alteration, and that Pearce element 

ratios are consistent with the fractionating assemblage determined by petrography. 





2.2.2.2. Major and Trace Elements 

The Mg# in samples from this study ranges from 0.65 to 0.42 and correlates with 

MgO, CaO and A1203 FeO and MnO (Figure 5). The conserved elements TiOz, P205, and 

all rare earth elements (REE) increase with decreasing Mg# (Figure 6). SiO2, Na2O and 

K20 are not correlated with Mg#. Glomerocryst-bearing and aphyric samples do not 

follow statistically different trends. 

Basalts in the Metchosin Igneous Complex have flat chondrite-normalized REE 

patterns with only slight enrichment or depletion in the light REE ( (LalSm)~ of 1.13 - 

0.65) (Figure 7). A slight negative Eu anomaly (EuIEu* = EuN/(s~NG~N)') varies 

between 0.74 and 1.06.When normalized to normal mid-ocean ridge basalt (N-MORB), 

Nb is more enriched than Zr or Y (Figure 8). 

2.3. Discussion 

2.3.1. Major Elements 

The immobility of the major elements during alteration, as demonstrated by 

Pearce element ratios, means that Mg# can be reliably used as a measure of magmatic 

evolution in the Metchosin Igneous Complex. The distribution coefficients of Fe and Mg 

between olivine and melt (Roeder and Emslie, 1970) can be used to show that mantle 

olivine with a composition of Fogo equilibrates with melt with an Mg# of 0.73. The Mg#s 

of the basalt in the complex are all lower than 0.73, which demonstrates that they are not 

primary mantle-derived melts. The basalt compositions are most likely the product of 

mantle-derived melts which have subsequently undergone crystal fractionation. The 



Figure 5: Diagrams of FeO, MnO, A1203, MgO, and CaO as wt% oxides plotted against 
Mg# (Mg/(Mg+Fe). Symbols are the same as those used in Figure 3. Errors in the wt% 
oxides are too small to display, with the exception of MnO. Sample error bars represent 
the maximum 20 error. 



Figure 6:  Diagrams of Ti02, P205 and La plotted against Mg# (Mg/(Mg+Fe). Symbols 
are the same as Figure 3.  Sample error bars represent the maximum 20  error. 
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tightness of fit of the major element data in the Pearce element ratio diagram (Figure 4) 

demonstrates that fractional crystallization is the cause of most of the variations in major 

element chemistry in the complex. 

2.3.2. Trace Elements 

Enrichment in the abundance of REE in the Metchosin Igneous Complex basalts, 

between 10 and 40 times chondrite (Figure 7), is most likely the product of crystal 

fractionation rather than a source characteristic, as demonstrated by the negative 

correlation between La and Mg# (Figure 6). The amount of crystal fractionation needed 

to produce the most REE-enriched composition from the least REE-enriched composition 

can be calculated by pure Rayleigh fractionation (C~/CO=F~-') .  Distribution coefficients 

for La in olivine, clinopyroxene and plagioclase of O.OOO4,O.O54 and 0.27 respectively 

have been determined from melt inclusions in basalt (McKenzie and O'Nions, 1991). 

Using these distribution coefficients and assuming 50% of the fractionating minerals are 

plagioclase and 50% are clinopyroxene, the sample with the highest concentration of La 

(8.9 1 ppm) can be generated by fractional crystallization of 70-80% of a melt having a 

starting composition of the sample with the lowest La concentration (2.20 ppm). These 

compositions represent the most extreme cases, and only 50-60% fractional 

crystallization of a melt with a starting composition of 2.20 ppm La is required to 

produce the mean composition of 4.35 ppm. Variations in the concentrations of HFSE 

can be attributed to similar degrees of crystal fractionation. 

These calculations are relatively insensitive to variations in the fractionating 

assemblage, because the distribution coefficient for plagioclase dominates the bulk 

distribution coefficient. Olivine has been ignored, because REEs are highly incompatible 



in olivine, but assuming as much as 50% of the fractionated assemblage is olivine 

decreases the required amount of fractionation by less than 5%. Similarly, increasing the 

amount of plagioclase or clinopyroxene fractionated to as much as 70% of the 

fractionating assemblage causes similarly negligible differences in the total fractionation 

required. This calculation is also insensitive to the values used for the distribution 

coefficients. Decreasing the distribution coefficients by as much as an order of magnitude 

reduces the amount of fractionation required by only -7%. Increasing the distribution 

coefficient of La in plagioclase by a factor of 2 requires -8% more fractionation. 

Basalts from the Metchosin Igneous Complex have REE profiles which are 

essentially flat, transitional between N- and E-MORB (Figure 7). The ratios of the HFSE 

Zr, Y, and Nb also fall between N- and E-MORB (Figure 8). Fitton et a1 (1997) used the 

ANb values in basalts: 

ANb = 1.74 + log(Nb/Y) - 1.92 log(Zr/Y) 

to distinguish between depleted and enriched MORB (Fitton et al., 1997). Values of ANb 

for the Metchosin basalts vary between 0.4 and -0.1, transitional between E- and N- 

MORB. Slight to moderately enriched patterns in REE and HFSE in basalt can be 

attributed to a wide variety of reasons including plume-ridge interaction (Robillard et al., 

1992), source heterogeneity (Cousens et al., 1995), variations in partial melting (Klein et 

al., 1991), and thermal anomalies in the underlying mantle (Rhodes et al., 1990). Both 

(La/Sm)N and (La/Yb)p~ are negatively correlated with Mg# (Figure 9), suggesting that at 

least part of the LREE enrichment is due to crystal fractionation. The greater degree of 

scatter around these trends than around trends between La and Mg# (Figure 6) suggests 



Figure 9: Diagrams of (LalSm)~ and ( L d y b ) ~  plotted against Mg# (Mg/(Mg+Fe). 
Symbols are the same as Figure 3. Sample error bars represent the maximum 20 error. 



that variations in LREE enrichment are not entirely due to magmatic evolution and may 

in part be ascribed to mantle source heterogeneities. These variations in enrichment do 

not vary systematically either with stratigraphic height or laterally across the complex. 

The lack of systematic enrichment suggests that the source heterogeneities must have 

been relatively small, but not so small that they were averaged out during melting 

(Meibom and Anderson, 2003). Although these data permit a variety of tectonic settings 

for the complex, the lack of a negative Nb anomaly (Figure 8) indicates that the complex 

was not produced by subduction-related magmatism. A positive Nb anomaly is still 

present after correcting for a possible 18% excess indicated by analysis of the USGS 

BCR-2 standard. Ta, which is geochemically similar to Nb, also exhibits a positive 

anomaly on trace element diagrams. 

Unlike other formations in the Crescent Terrane (Babcock et al., 1992; Pyle, 

1988), upper and lower basalts of the Metchosin Igneous Complex are indistinguishable 

on a geochemical basis. Kilometer scale variations in geochemistry with stratigraphy are 

observed (Figures 10 and 11) which suggest periodic enrichment of the source region, 

however these variations are the same in both the upper and lower members of the 

volcanic sequence. Compared to other formations in the Crescent Terrane, the Metchosin 

Igneous Complex shows the least amount of enrichment in incompatible and rare earth 

elements (Figure 12). Pyle (1988) documented an increase of enrichment from north to 

south in the various components of the Crescent Terrane (Figure 12), and this study 

confirms that trend. Basalt from the Metchosin Igneous Complex and the basement of the 

Tofino Basin have similar REE patterns and HFSE enrichments. This suggests that the 

complex extends offshore to the west beneath the Tofino Basin. Based on Y, Zr and Nb 
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the Metchosin Igneous Complex is similar to the Lower Crescent member (Figure 13), 

but the latter is more enriched in LREE. There may be several eruptive depocenters 

within the Crescent Terrane, and the Metchosin Igneous Complex may more accurately 

correlate with the volcanics of Crescent Bay than those of the Dosewallips River section 

(Babcock, 2002 per. comm.). 

2.3.3. Tectonic Setting 

Several proposed tectonic settings for the Metchosin Igneous Complex and the 

Crescent Terrane are examined in light of the new data. 

2.3.3.1. Ridge-Centered Plume Model 

A mantle plume beneath the Kula-Farallon spreading center has been proposed as 

an origin for the Crescent Terrane because of the favorable position of the Yellowstone 

hot spot offshore of southern Oregon during the early Eocene (Duncan, 1982). Duncan 

(1982) showed that members of the Crescent Terrane become progressively older to the 

north and south of an age minima near the Columbia River. This trend has been 

interpreted as the obduction of a v-shaped chain of seamounts which formed by ridge- 

centered plume magmatism on the Kula and Farallon plates. The Roseburg Formation 

basalts, the most southerly extent of the Crescent Terrane, are geochemically similar to 

Hawaiian basalts (Pyle, 1988). 

A ridge-centered mantle plume, analogous to Iceland, has the capacity to generate 

large thicknesses and similar chemistry to flows exposed in the Crescent Terrane on the 

Olympic peninsula, (Duncan, 1982; Muller, 1980; Pyle, 1988). The greatest difficulty for 

a ridge-centered mantle plume model is that it requires the Yellowstone hot spot to have 

been centered beneath the rapidly moving Kula-Farallon spreading center for the duration 
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of the formation of the Crescent Terrane. Wells et al. (1984) calculated the motions of the 

Kula and Farallon plates at 100 mmlyr, which would produce seamount chains with a 

total length of 2600 km over the 13 Ma range of ages in the Crescent Terrane (Duncan, 

1982). The present day length of the Crescent Terrane is roughly 600 km, which means 

that the majority of the seamounts would have to have been subducted (Wells et al., 

1984). Paleomagnetic data demonstrate that different parts of the Crescent Terrane have 

undergone little or no poleward displacement or rotation since their formation (Babcock 

et al., 1992; Engebretson et al., 1985). Analysis of the plate motions shows that, if the 

Crescent Terrane were a large oceanic plateau, it would likely have undergone complex 

rotation and fragmentation during accretion, which contradicts the paleomagnetic data 

(Babcock et al., 1992). 

The velocities of the Kula and Farallon plates relative to North America require a 

ridge-centered hot spot to initiate volcanism more than 600 km offshore. In contrast, 

clastic sediments derived eastward from the Cascades, San Juan Islands, and Coast 

Plutonic Complex are interbedded with the Crescent Terrane volcanics (Babcock et al., 

l992), suggesting eruption much closer to continental North America. An Eocene 

Yellowstone hot spot beneath the Kula-Farallon spreading center so close in proximity to 

North America seems unlikely in light of the recent analysis of Murphy et al. (2003), who 

suggest an Eocene location 750 km west of the continental margin on a separate plate. 

2.3.3.2. Rifted Margin Model 

A rifted margin setting has been proposed for the Crescent Terrane because of the 

sedimentological evidence for the terrane in proximity to the continent for the duration of 



its formation (Babcock et al., 1992; Massey, 1986; Wells et al., 1984; Yorath et al., 

1999). A rifted margin setting, similar to the modem-day Andaman Sea, is appealing, 

because it satisfies the paleomagnetic data, does not contradict plate motion models, and 

allows eruption of the volcanics near the source of continental sediments (Babcock et al., 

1992). The interaction of this rifted margin with the Kula-Farallon spreading center was 

invoked to explain the large volume of basalt in the Crescent Terrane (Yorath et al., 

1999). Mixing of MORB, subduction, continental, and plume-derived sources have been 

used to explain the geochemical variation of Crescent Terrane basalts when plotted on 

basalt discrimination diagrams (Yorath et al., 1999). 

The rifted margin model fails to explain the enrichment of light rare earth 

elements, Zr, Nb, and Ta in many of the formations of the Crescent Terrane. Although it 

is possible to form transitionally enriched MORB, such as is observed in the Metchosin 

Igneous Complex in such an environment, no mechanism exists for generating the more 

enriched basalts such as those that form the Upper Crescent member (Babcock et al., 

1992) or the Roseburg Basalts (Pyle, 1988). Unlike the Andaman Sea which has formed 

along a transtensional boundary along the old, cold Indian Ocean plate, the proposed 

rifted margin setting for the Crescent Terrane would have formed in a transpressional 

setting adjacent to the young, hot, buoyant Kula and Farallon plates. The relative plate 

motions calculated by Engebretson et al. (1985) give an oblique northeast convergence of 

the North America and Kula plates at rates between 1 13 and 209 mmlyr and an oblique 

northeast convergence of the North America and Farallon plates at rates between 125 and 

152 mm/yr in the timeframe and location in which the Crescent terrane formed. The lack 

of transpressional deformation and occurrence of extensional deformation in the Crescent 



Terrane (Babcock et al., 1992) suggests that it was not formed at the boundary of the 

North American plate. 

The convergence rates between North America and either the Kula or Farallon 

plate would produce subduction rather than rifting, and the subduction of oceanic 

lithosphere beneath the erupting Crescent Terrane would influence its geochemistry. 

Volcanic activity associated with the Laramide orogeny, between 75 and 40 Ma, is 

interpreted as the result of shallow angle subduction of the young Farallon plate beneath 

North America (Engebretson et al., 1985). The rifted margin model requires large 

volumes of basaltic magma to be generated from directly above this subducted plate, but 

neither the basalt from the Metchosin Igneous Complex nor any of the Crescent Terrane 

basalts exhibit negative Nb or Ta anomalies which are characteristic of subduction- 

related magmatism (Pearce, 1996). The lack of negative Nb or Ta anomalies suggests that 

the Crescent Terrane did not form in a rifted margin above a subduction zone and instead 

must have formed on the Kula or Farallon plates. 

2.3.3.3. Off-Axis Plume Model 

Most mantle plumes are not centered beneath ocean ridges and either cause 

intraplate magmatism or interact with ocean ridges at a distance (Kincaid et al., 1996). 

Buoyant plume material may flow subhorizontally from the plume center toward an 

adjacent spreading center along the upward sloping base of oceanic lithosphere (Figure 

14). Plumes as far as 1200 krn away can provide enriched mantle material to mid-ocean 

ridges on a steady state or transient basis (Schilling, 1991). The flow of plume material to 

the mid-ocean ridge is driven by the buoyancy of the hot plume material and the slope of 

the underside of the oceanic plate and opposed by the motion of the overlying oceanic 





plate away from the ridge (Kincaid et al., 1996). Mantle material flowing toward the mid- 

ocean ridge thermally erodes the base of the overlying lithosphere, generating a conduit 

in which it can travel and become progressively cooler and more diluted with distance 

from the plume (Kincaid et al., 1996; Kingsley and Schilling, 1998). 

Although the location of the Kula-Farallon spreading center is poorly constrained 

during the early Tertiary, the range of possible locations is near the Yellowstone hot spot 

(Engebretson et al., 1985) and thus favorable for the formation of off-axis plume-ridge 

interactions. Unlike most off-axis plume-ridge settings, the rapid northeast motion of the 

Kula and Farallon plates (Engebretson et al., 1985) would deflect plume material toward 

the spreading center. The motion of the oceanic plates would thus enhance plume-ridge 

interaction while conversely decreasing the time span during which the interactions could 

occur. If the Yellowstone hot spot was relatively close to the Kula-Farallon spreading 

center, plume material could travel directly to the spreading center, where it would mix 

with depleted mantle material prior to eruption (Figure 15a). The effects of plume-ridge 

interaction would be to increase the volume of enriched heterogeneities in the mantle 

beneath a ridge segment, generating a more enriched mantle source which would produce 

a more enriched basalt. 

Alternately, if the Yellowstone hot spot was further from the Kula-Farallon spreading 

center, plume material would encounter the subduction zone first and be deflected 

northward by the down-warped subducting plate. The buoyant plume material would be 

unlikely to travel downward along the base of the subducting plate. The plume material 

would be more likely to travel along the forebulge until it reached the Kula-Farallon- 

North America triple point, where it could erupt adjacent to the continent (Figure 15b). 



Figure 15: Schematic diagram of possible plume-ridge interactions between the 
Yellowstone hot spot (Y) and the ~u la -~a ra l lon  spreading center: A) Direct interaction 
between the plume and the ridge when the plume is close to the ridge. B) Deflection of 
plume material (grey) toward the subduction zone by the motion of the Farallon plate 
followed by plume material traveling up the forebulge to the Kula-Farallon-North 
America triple point. Arrows indicate plate motions relative to the fixed Pacific hot spot 
reference frame (Engebretson et al., 1985). 



Material erupted on the Farallon plate would move northeast into the subduction zone 

and be accreted to the margin of North America, whereas material erupted on the Kula 

plate would experience more northerly translation and could form the correlative 

Chugach and related terranes (Wells et al., 1984) in the Yukon and Alaska. 

Unlike the ridge-centered plume model, the off-axis plume model is constrained 

only by the location of the Kula-Farallon spreading center and its distance from the 

Yellowstone hot spot. Neither of these values is well constrained (Engebretson et al., 

1985), but the range of possible locations for the spreading center places it well within 

the limits of plume-ridge interaction. The northeast motion of the Kula-Farallon 

spreading center (Engebretson et al., 1985) would have lead to an increasing separation 

between the spreading center and the plume, resulting in increasing dilution of the plume 

material by depleted mantle material (Kingsley and Schilling, 1998) and the observed 

trend in enrichment from south to north in the Crescent Terrane (Figure 12). Variations in 

the rate of supply of plume material to the ridge (Kincaid et al., 1996) would explain the 

variations in trace element enrichment (i.e. LaISm, ANb) observed in the Metchosin 

Igneous Complex. The off-axis plume model is most attractive because it allows 

production of large quantities of magma of the observed compositions in close proximity 

to the continental margin over the13 Ma (Duncan, 1982) during which the Crescent 

Terrane was formed. 



Chapter 3: Metamorphism of the Metchosin Igneous Complex 

3.1. Analytical Methods 

The metamorphic mineral assemblages were determined for sixty samples from 

the Metchosin Igneous Complex. Metamorphic mineral compositions were determined by 

electron microprobe for nineteen of these samples using the JEOL-8200 SuperProbe at 

the University of Calgary. Wavelength-dispersive spectroscopy (WDS) analyses were 

performed at a 15 keV accelerating potential and 10 nA current, except for garnet which 

was analyzed using a 20 nA current. Zeolite and carbonate were analyzed using a beam 

defocused to 10 pm, whereas all other minerals were analyzed with a focused beam. 

Opaque phase mineralogy and the replacement of primary plagioclase by albite were 

confirmed by energy-dispersive spectroscopy (EDS). Fourteen additional samples were 

analyzed using the JEOL-8200 SuperProbe at Dalhousie University. Mineral 

compositions were determined by WDS using the same conditions described above. The 

mineral assemblages in fracture fill from six samples, vesicle fill from two samples, and 

. one sample of interflow sediment were determined by X-ray powder diffraction at the 

University of Alberta. 

3.2. Observations 

3.2.1. Metamorphic Petrography 

The volcanic sequence of the Metchosin Igneous Complex is altered to sub- 

greenschist to amphibolite facies assemblages. The degree of alteration of igneous 

minerals varies from a few percent to 100%. For the purposes of this study, the east and 



west of the Metchosin Igneous Complex are considered separately due to the differences 

in alteration between the two areas (Table 1). 

3.2.1.1. Eastern Area 

In the east of the complex, investigations along the three easternmost transects 

(Figure 2) show that the original basalt morphologies are well preserved, except 

immediately adjacent to the Leech River Fault. Interstitial material in the groundmass is 

partially (<20%) replaced by the common assemblages (1) chlorite + albite * epidote 5 

amphibole or (2) chlorite + prehnite + albite f epidote f amphibole. Assemblage (1) 

occurs in the upper and lower lavas of all three transects, with the exception of the upper 

lavas of the easternmost transect where assemblage (2) occurs. Chlorite is the most 

common alteration mineral, replacing interstitial material, filling microfractures, and 

lining grain boundaries. Prehnite is restricted to the upper volcanic unit where it replaces 

interstitial material and is intergrown with chlorite. Amphibole and prehnite occur with 

chlorite and epidote in four samples at the southernmost limit of prehnite occurrence. 

Amygdule assemblages are similar to those of the groundmass (Table I), except 

that epidote and amphibole are proportionally more abundant, and that the prehnite + 

chlorite f quartz rt epidote assemblage is only observed in samples from the upper 

volcanic sequence of the easternmost transect. Vesicles containing chlorite have a thin 

outermost shell of chlorite and may be intergrown with minor amounts of amphibole. 

These vesicles are dominantly filled with epidotef quartz (Figure 16). Amphibole is 

typically a minor phase and occurs intergrown with epidote in approximately half the 

epidote-bearing samples. Anhedral grains of pyrite occur near the centers of epidote- 

bearing vesicles. In three samples, subhedral grains of andradite were observed within the 



Feature 

Metamorphic 
facies 

Groundmass 
alteration 

assembla~es 

Vesicle fill 
assemblages 

Fracture fill 
assemblages 

Degree of 
alteration 

Type of 
deformation at the 
Leech River Fault 

East Metchosin Igneous - 

Complex 
Prehnite-Actinolite to 

Greenschist 
chl + ab k epi & act 

chl + ~ r h  t ab * e t i  & act 
chl + epi f act k qtz * and k pyr 

prh + chl * qtz f epi 
chl qtz; epi & qtz f act f chl; 

prh * chl k qtz; zeolite and 
carbonate 

Slight. Primary igneous features 
preserved. Alteration of primary 

igneous minerals is limited to 
grain boundaries and 

microfractures. Alteration 
minerals dominantly replace 
interstitial material and fill 

fractures and vesicles. 

Exclusively brittle fracture 

West Metchosin Igneous 
Complex 

Upper Greenschist to 
Amphibolite 

hbd + chl + epi + plag 

None. Vesicles absent. 

chl k qtz; epi k qtz f act * chl; 
prh k chl f qtz; carbonate 

Pervasive. Primary igneous 
features obscured on all scales. 

Primary igneous minerals 
entirely replaced with the 

exception of occasional highly 
altered relic plagioclase grains. 

Some samples exhibit weak 
foliation of alteration minerals 

Ductile folding and brittle 
fracture 

Table 1: Summary of general alteration characteristics 





epidote, and in one sample the andradite forms a shell within the epidote. 

Vesicles with the chlorite + prehnite * quartz * epidote assemblage exhibit a wide 

range of mineral associations. Prehnite-dominated assemblages are the most common and 

occur in the sequence: cryptocrystalline intergrowths of prehnite + qtz + anhedral 

prehnite sheets + intergrown bundles of prehnite + chlorite (Figure 17) or prehnite + 

chlorite. Where present, epidote is the last mineral to have formed. None of the samples 

have both prehnite and amphibole in their vesicle filling assemblages. 

Calcite and zeolites were also seen filling vesicles. In all instances where these 

minerals occur, the vesicles are connected by a network of fractures which contain calcite 

or zeolite, and other metamorphic minerals exhibit dissolution textures. . 

Brittle deformation in volcanic sequence in the east of the complex is limited to 

narrow cooling fractures (<1 mm wide). Fractures containing chlorite * quartz are the 

oldest and are cross-cut by all other types of fractures. Fractures filled with epidote * 
quartz It actinolite * chlorite or prehnite & chlorite & quartz are intermediate in age, cross- 

cutting fractures filled with chlorite & quartz and are cross-cut by fractures filled with 

carbonate or zeolite. These intermediate aged fracture assemblages do not coexist, so no 

age relationship could be determined between them. Carbonate and zeolite veins 

commonly merge and appear to be coeval. 

3.2.1.2. Western area 

By contrast, in the west of the complex along the westernmost transect and three 

outcrops hrther to the west (Figure 2), the groundmass has been pervasively altered to 

amphibole + chlorite + epidote + plagioclase (Figure 18). Amphibole and epidote are 

dominant groundmass phases. Chlorite is less common than in the east but is still an 







abundant phase. Recrystallized plagioclase is intergrown with the other groundmass 

minerals and exhibits brittle deformation. 

Fractures in the west of the complex are wider (up to 10 mm) than those in the 

east, and the veins exhibit ductile deformation. The fractures exhibit the same cross- 

cutting relationships as in the east, with the exception that zeolite is not observed in the 

west. Samples from near the Leech River Fault contain isoclinally folded epidote veins, 

demonstrating ductile deformation associated with the fault that is not observed in the 

east. 

3.2.2. Mineral Compositions 

3.2.2.1. Chlorite 

Chlorite compositions are dominantly clinochlore with minor magnesian 

chamosite (Bailey, 1988). Chlorite in the groundmass, vesicles, and veins have Mg# 

(Mg/Mg+Fe) between 68 and 42. Compositions within individual samples are similar 

regardless of their mode of occurrence. No systematic variation between Mg# or minor 

element concentrations was noted with stratigraphy, associated metamorphic minerals, or 

geographic location. Mixed layer chlorite/smectite was identified in two samples on the 

basis of high CaO, Na20, and K20 and octahedral silica contents. Both of these samples 

are coarse-grained and were sampled from flow centers, suggesting that the chlorite 

likely formed during cooling of the basalt rather than subsequent metamorphic events. 

3.2.2.2. Amphibole 

All amphiboles are calcic, ranging in composition from actinolite to magnesio- 

hornblende end members (nomenclature after Leake et al., 1997). Tetrahedral alumina is 



positively correlated with Site A occupancy in all samples (Figure 19). Si shows a weak 

positive correlation with Mg# in samples from the west of the complex, but no 

correlation between Si and Mg# is observed in samples from the east of the complex. 

Fine grains nucleating in chlorite and acicular inclusions in epidote are actinolite but are 

too small to assess zoning. Larger grains filling vesicles, replacing the rims of 

clinopyroxene, and the groundmass of samples from the westernmost transect, exhibit 

zoning from actinolitic cores to magnesio-hornblende rims. Samples from further west 

contain unzoned magnesio-hornblende. Amphibole shows a broad trend of increasing 

Site A occupancy and increasing tetrahedral alumina from east to west (Figure 20). 

3.2.2.3. Plagioclase 

Primary plagioclase is preserved in the east of the complex but is completely 

recrystallized in the west. In the east, the degree of alteration of primary plagioclase 

(An7343) to albite (Ano+) varies from zero to 100% (Figure 17). In the west, recrystallized 

plagioclase compositions range from An35 to An86 and are likely inherited from the 

basaltic protolith. A few compositions are more albite-rich An33 and Anl 1 (Figure 21). 

3.2.2.4. Epidote 

3+ VI Pistachite content (Ps = ~ e ~ + / F e  + Al) of epidote varies from Ps13 to P s ~ ~ ,  

similar to published values for epidote from other metabasalt suites (e.g. Hannington et 

al., 2003). Epidote in vesicles has iron-rich cores and aluminum-rich rims. Epidote in 

fractures may be unzoned or has either iron-rich or aluminum-rich cores. Groundmass 

epidote is too fine-grained to determine zoning in the east of the complex and is unzoned 
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in the west. There is no regional or stratigraphic variation in major or minor element 

compositions. 

3.2.2.5. Prehnite 

Compositions were determined in the groundmass, vesicles, and fracture fill of 

five basalt samples, and in the groundmass of one seafloor chert from the northeast of the 

complex. Prehnite exhibits a 1-15% substitution of ~ e + ~  for Al. Within samples there is 

even less variation. No systematic variation in the minor elements was observed. 

3.2.2.6. Garnet 

Garnet occurs as subhedral grains embedded in epidote in the vesicles of three 

samples. Garnet in the vesicles of two samples was analyzed. One sample contains 

unzoned andradite with less than 2% grossular. The other sample contains zoned garnets 

with alternating bands of nearly pure andradite (Andloo to And93) and moderately 

aluminous garnet (Gross29 to 

3.2.2.7. Zeolite 

Zeolite occurs as fracture and vesicle fill in the east of the complex. All zeolites 

belong to calcic groups. Two samples contain laumontite, including the vesicle fill, two 

contain chabazite, and one contains barrerite. One sample contains both laumontite and 

barrerite as fracture fill. 

3.2.2.8. Carbonate 

Most carbonates display very little compositional variation and contain greater 

than 97% calcite component. The single exception contains up to 3% magnesite and 14% 

rhodocrosite component. 



3.2.3. Geothermometry 

3.2.3.1. Mineral Composition 

The tetrahedral A1 content of chlorite has been shown to increase with 

temperature and can be used as an empirical geothermometer. This geothermometer has 

been calibrated by comparing the ~ 1 "  content of chlorite formation temperatures in 

meta-andesites from the Los Azufres geothermal field (Cathelineau, 1988; Cathelineau 

and Nieva, 1985). It has been successfully applied to other metamorphic environments 

and protoliths, including metabasalts from regional (Bevins et al., 1991) and seafloor 

hydrothermal systems (Gillis et al., 2001). The cumulative error for the geothermometer 

is h 50" C (Cathelineau and Nieva, 1985). 

The chlorite geothermometer was used to examine if there are regional variations 

in metamorphic temperature within the volcanic sequence of the Metchosin Igneous 

Complex. Chlorite compositions were recalculated on the basis of 14 anhydrous cations, 

excluding the interlayer cations. Calculated temperatures range between 235" and 3 15" C. 

The lowest temperatures are restricted to the prehnite-actinolite facies assemblages 

northeast part of the complex (Figure 18). A regional trend of increasing temperature 

from east to west spans the entire complex (Figure 22), suggestive of an east-west 

temperature gradient that is consistent with the metamorphic assemblages (see next 

section). 

Amphibole compositions can provide a qualitative measure of temperature, 

because ~ 1 "  systematically increases with increasing temperature with a concomitant 

increase in Na and K in the A site to maintain charge balance (Spear, 1981). Tetrahedral 

aluminum and A-site occupancy in amphibole increase from east to west in the volcanic 
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sequence (Figure 20), consistent with the temperature gradient inferred from chlorite 

geothermometry and mineral assemblages. The presence of actinolite in many of these 

assemblages shows that peak temperatures were greater than 300" C (Frey et al., 1991). 

The presence of magnesio-hornblende in the westernmost samples demonstrates that peak 

temperatures in the west exceeded 420" C (Maruyama et al., 1983). 

3.2.3.2. Metamorphic Assemblages and Facies 

Slow reaction rates, the effect of bulk composition and oxygen fugacity on 

mineral stability, and the overlapping stability of key indicator minerals make facies 

definitions within low P-T metabasaltic rocks difficult to establish precisely. For the 

purposes of this study, the prehnite-actinolite to greenschist facies transition is defined 

by the prehnite-out reaction: Prh + Chl + Ab -+ Act + Epi + Hz0 (Beiersdorfer and Day, 

1995; Digel and Gordon, 1995). This reaction occurs between 280" C and 340" C and up 

to 0.3 GPa for bulk compositions that are comparable to the Metchosin Igneous Complex 

(Digel and Gordon, 1995). This constrains the peak temperature in the northeast of the 

complex to <280•‹ C. 

The boundary between the greenschist and amphibolite facies is classically 

marked by the disappearance of chlorite, an increase in the anorthite content of 

plagioclase, and a change in the composition of amphibole from actinolite to hornblende 

(e.g. Maruyama et al., 1983). The greenschist to amphibolite transition is defined by the 

chlorite-out reaction: Ab + Act + Epi + C h l 4  Plag + Hbd + HzO (Maruyama et al., 

1983). The temperature of this reaction is highly dependant on P, Pfluid/Ptota], f02, and bulk 

composition, among other factors. Experimental studies place this boundary at 420" C to 

500" C and <0.2 to 1 GPa for redox conditions in the vicinity of the quartz-fayalite- 



magnetite and nickel-nickel-oxide buffers (Liou et al., 1974; Moody et al., 1983). This 

constrains the peak temperatures in the west of the complex to >420•‹ C. 

3.2.3.3. Fluid Inclusions 

Fluid inclusions for three samples from the east of the complex provide additional 

temperature constraints. Secondary fluid inclusions hosted in quartz associated with 

epidote + chlorite & actinolite yield uncorrected homogenization temperatures between 

145" and 301" C, with an average of 193" C (Rucks, 2002). If lithostatic conditions are 

assumed, a thickness of 3-5 Ism of overlying strata yields pressure-corrected 

homogenization temperatures between 191" C and 368" C. If hydrostatic conditions are 

assumed, (2.5 lun depth of water overlying 3-5 krn of lavas), pressure-corrected 

homogenization temperatures would be lower (1 75"-342" C). These temperatures and 

pressures are low relative to those inferred from metamorphic assemblages and mineral 

compositions which likely reflects entrapment after peak metamorphic conditions were 

achieved. 

3.3. Discussion 

3.3.1 Metamorphic Evolution of the Lavas 

The volcanic sequence of the Metchosin Igneous Complex is dominated by 

greenschist facies assemblages, except for the northeast section of the upper volcanics, 

which exhibits prehnite-actinolite facies assemblages, and the west of the complex, which 

is dominated by upper greenschist and amphibolite facies assemblages. Two isograds 

have been identified: the greenschist facies isograd falls between the two easternmost 

transects and at the transition between the upper and lower volcanics, and the arnphibolite 



isograd is located west of the westernmost transect (Figure 23). Samples from the 

westernmost transect contain chlorite, although in smaller quantities than is observed in 

the east of the complex, actinolite and minor albite. These samples also contain 

magnesio-hornblende and metamorphic plagioclase, which indicate transition from 

greenschist to amphibolite facies (Maruyama et a]., 1983). Samples from the western 

edge of the field area contain magnesio-hornblende and metamorphic plagioclase and 

lack chlorite or albite, indicating amphibolite grade metamorphism. Hence the 

amphibolite isograd is placed just west of the westernrnost transect (Figure 23). 

The changes in metamorphic assemblages are indicative of a regional temperature 

increase from east to west, from less than 280" to greater than 420•‹C. This thermal 

gradient of -S•‹C/km is parallel, rather than perpendicular, to the strike of the volcanic 

stratigraphy. Subsequent to peak metamorphic conditions, zeolite and carbonate were 

deposited in fractures at temperatures less than 200" C. In the northeast of the Metchosin 

Igneous Complex, the presence of prehnite and absence of pumpellyite constrain 

pressures to less than 0.3 GPa, which is consistent with fluid inclusion data that place 

pressure at < 0.4 GPa. Pressure in the west of the complex is not well constrained and 

may be significantly higher than in the east. 

3.3.2. Regional Versus. Seafloor Hydrothermal Metamorphism 

The distribution of metamorphic facies in the Metchosin Igneous Complex may 

be the result of seafloor hydrothermal alteration, regional metamorphism related to the 

process of accretion, or a combination of the two processes. These two different styles of 

alteration may be distinguished on the basis of the spatial distribution of metamorphic 





facies relative to the stratigraphy of the volcanic sequence and paleo-geothermal 

gradients. 

Away from ore deposits, alteration of submarine volcanics associated with in situ 

oceanic crust is dominated by palagonitization of glass, oxidative alteration, and 

formation of low-temperature phases such as saponite, celadonite, Fe-oxyhydroxides, and 

Na-K zeolites (Alt, 1995). Temperatures within porous volcanics are low (<50•‹C), 

because high permeability permits circulation of large volumes of cold seawater (Fisher, 

1998). Temperature gradients inferred from secondary mineral assemblages within most 

volcanic sections drilled by DSDP and ODP are low, with only slight temperature 

increases with depth. For example, in situ measurements in 5.9 My old crust at ODP Hole 

504 record temperatures below 50•‹C in the permeable upper volcanics, with increasing 

temperature with depth (Guerin et al., 1996). Greenschist conditions are not achieved 

until the sheeted dike complex is reached (Alt, 1995). Higher temperatures can be 

achieved where volcanic sequences are buried at a young age by sediments, as 

exemplified at the eastern flank of the Juan de Fuca ridge, which was buried by glacial 

turbidites within 1.5 million years of formation (Davis et al., 1992). In this case, the 

sedimentary cover limited convective cooling by seawater, causing a progressive increase 

in temperature due to the conductive cooling of the lithosphere. Calculated temperatures 

for the sediment-volcanic interface in 1 to 3.5 My crust range from 40 to 60•‹C, 

respectively, with higher temperatures predicted in older crust (>lOO•‹C in 4.5 My crust) 

(Davis et al., 1999). Mineral assemblages in the upper volcanics recovered by drilling 

from this area record temperatures below 60•‹C with no evidence for increasing 

temperatures with crustal age (Hunter et al., 1999). As the heat transfer is largely 



conductive with localized advection, it is probable that basement temperatures increase 

with depth. It is not possible to evaluate directly the effect of sedimentary cover on the 

thermal gradient within the volcanic section of the Metchosin Igneous Complex, because 

no sedimentary cover is exposed in the complex. By analogy with in situ ocean crust, 

however, it is unlikely that the high temperatures inferred for the Metchosin Igneous 

Complex volcanics are a product of seafloor hydrothermal processes. 

Iceland may be a more appropriate analogy for the Metchosin Igneous Complex, 

because lava thicknesses are more comparable, and the geochemistry of the lavas in the 

complex suggests a plume component. Metamorphic facies boundaries in drill cores from 

the Icelandic geothermal fields are oriented subparallel to stratigraphy and exhibit 

increasing temperature with increasing depth (Kristmannsdottir, 1982). Alteration 

minerals progress from low-temperature zeolites, such as chabazite and thomsonite near 

the surface, to laumontite, which is in turn followed by epidote, chlorite and quartz 

assemblages at depth. The sequence of alteration minerals is similar in different areas and 

is primarily affected by variations in the geothermal gradient (Kristmannsdottir, 1982). In 

contrast, the metamorphic facies in the Metchosin Igneous Complex cross-cut 

stratigraphy and show no correlation to depth, except in the easternmost transect. Drill 

cores from Icelandic geothermal fields contain epidote below 2.5 km to 3.5 km, 

depending on the local geothermal gradient. The geothermal gradient varies laterally 

from 68" Clkm to 90" Clkm due to differences in the number of dikes which had intruded 

the volcanic sequence (e.g. Franzson, 2000). Measured geothermal gradients vary 

spatially from less than 50" to greater than 200" Clkm due to differences in the intensity 

of dike intrusion into the volcanic sequence (Kristmannsdottir, 1982). 



If a typical Icelandic thermal gradient is applied to the Metchosin Igneous 

Complex, 2 to 4 km of additional stratigraphy would be required to achieve the observed 

temperatures in the upper volcanic unit. This would imply the subsequent removal of this 

extra thickness of volcanics during accretion or exhumation in order for hydrothermal 

processes to account for metamorphic temperatures recorded in the volcanics. This extra 

cmst would produce higher pressures, and pumpellyite would be expected under these 

conditions (Beiersdorfer and Day, 1995), yet is not observed. In addition, the pressure- 

corrected homogenization temperatures for fluid inclusions in prehnite-actinolite and 

greenschist facies rocks would be much higher than the observed assemblages indicate. 

Although a small thermal gradient occurs in the upper volcanic sequence of the 

easternmost transect, it is too slight to have been produced by a hydrothermal system. 

Lava sequences associated with most ophiolites exhibit higher temperature 

metamorphic assemblages than those found in in situ oceanic crust (Gillis and Banerjee, 

2000). Typically, the uppermost lavas are altered to zeolite, prehnite-pumpellyite, or 

greenschist facies assemblages, and lava sequences are vertically zoned with 

metamorphic grade increasing with depth. These metamorphic assemblages are 

interpreted to have formed as a result of hydrothermal alteration rather than obduction- 

related metamorphism (e.g., Josephine ophiolite, Harper et al., 1988). 

Metamorphism in the Metchosin Igneous Complex differs from most other 

ophiolites in two ways: (1) metamorphic zonations are oblique to the stratigraphy and (2) 

a higher metamorphic grade is locally recorded. These factors indicate that the 

metamorphism recorded in the complex is not typical of hydrothermal metamorphism. In 

the west of the complex, the ductile deformation along the Leech River Fault, the 



destruction of large scale igneous textures by deformation and pervasive alteration, the 

greater degree of alteration, and geothermometric constraints suggest a higher P-T 

environment than in the east. This implies that the Metchosin Igneous Complex has been 

more deeply eroded and exhumed to the west (Figure 24). Alternatively, the west of the 

complex could be at a deeper stratigraphic level and the higher temperatures observed 

could be attributed to sampling the sheeted dike complex, where temperatures are higher. 

Although stratigraphy is poorly constrained in the west, the occurrence of volcaniclastic 

material in the lower portion of the westemmost transect and the occurrence of an ocean 

floor chert in one of the westernmost roadside outcrops demonstrates that samples from 

the west of the complex came from the volcanic sequence, not the sheeted dikes. 

Assuming a 25"C/krn temperature gradient, which is typical for stable continental 

crust, implies that crust in the west was buried by about 6 to 9 krn deeper than in the east. 

Temperature gradients are higher in convergent margin settings than in stable crust, 

suggesting that a smaller amount of difference in burial may have been required. This 

difference in depth from east to west could be caused by tilting of the complex, either 

during or after accretion. Alternatively, an orographic effect (Hoffman and Grotzinger, 

1993) produced by higher precipitation and higher erosion in the west, may have more 

deeply exhumed the western part of the complex. The Jurassic arc plutonic rocks within 

the Wrangellia Terrane to the north of the complex on Vancouver Island also exhibit 

greater depths of exhumation in the west that have been attributed to orographic effects 

(DeBari et al., 1999). 



Figure 24: Block diagram representing the tectonic and thermal history of the Metchosin 
Igneous Complex. (A) Seafloor hydrothermal alteration produces metamorphic facies 
boundaries (shading) that are subparallel to stratigraphy. The volcanic sequence overlies 
a sheeted dike complex (striped) and gabbroic sequence (hatched). (B) Accretion of the 
complex beneath the Pacific Rim Terrane (PRT) along the Leech River Fault (LRF) 
causes regional metamorphism with facies boundaries that do not parallel the igneous 
stratigraphy. (C) Tilting and exhumation of the complex result in an east-west 
metamorphic gradient. 



Chapter 4: Conclusions 

4.1. Conclusions 

Basalt from the Metchosin Igneous Complex is enriched in rare earth and high 

field strength elements and is transitional between E-MORB and N-MORB end- 

members. Variations in enrichment between samples correlate poorly with magma 

evolution and suggest heterogeneities in the mantle source. The similarity between the 

REE patterns of basalt from the Metchosin Igneous Complex and the Tofino Basin 

demonstrates that the Metchosin Igneous Complex extends as basement north along the 

west coast of Vancouver Island. Geochemically the basalt of the Metchosin Igneous 

Complex most closely resembles the lower member of the Crescent Formation, although 

no stratigraphic variation is observed within the complex. 

The transitional geochemistry of the basalts does not provide a good basis for 

identifying their formative tectonic setting, but the presence of positive Nb and Ta 

anomalies in these lavas suggests that they did not form in a marginal basin overlying the 

subducting Kula or Farallon plates. An off-axis plume-ridge interaction between the 

Yellowstone hot spot and the Kula-Farallon spreading center is a tectonic setting that best 

satisfies all the geological and geochemical data for the Metchosin Igneous Complex and 

the Crescent Terrane as a whole. 

Metamorphism in the volcanic sequence of the Metchosin Igneous Complex 

varies from prehnite-actinolite facies assemblages in the northeast through greenschist to 

amphibolite facies assemblages in the west. This pattern of metamorphism represents a 

regional east-west thermal gradient of -S•‹C/km that is perpendicular to the volcanic 



stratigraphy, implying progressively deeper levels of exhumation to the west due either to 

orographic effects or tectonic tilting. 

Alteration of the Metchosin Igneous Complex is a result of emplacement-related 

regional metamorphism superimposed on seafloor hydrothermal alteration. The complex 

does not exhibit a gradient of temperature or metamorphic mineralogy which is expected 

for sea-floor hydrothermal systems. A small gradient observed along one transect is 

interpreted to have a tectonic origin on the basis of the occurrence of prehnite and fluid 

inclusion data. These results suggest that fbture research on ophiolites should examine 

with care the assumption that the observed mineralogy is the result of seafloor 

hydrothermal alteration. 

4.2. Future Work 

Although the positive Nb and Ta anomalies in the basalt of the Metchosin Igneous 

Complex demonstrates that it did not form in a subduction zone setting, the geochemistry 

of the REE and HFSE in the complex does not reveal the environment in which it did 

form. Arguments about the tectonic setting in which the complex formed are based on 

plate motion models proposed by other authors and are unfortunately speculative. A 

rigorous test which can distinguish between basalt formed with small degrees of plume 

enrichment and basalt formed at a rifted margin is required to determine the tectonic 

setting in which the complex formed. The lead isotopic composition of the basalts might 

be useful for distinguishing between these two possibilities. On the other hand, it may be 

more effective to investigate one of the other members of the Crescent Terrane in which 

the plume component is less diluted. 



As this is the first study of the metamorphism of the Metchosin Igneous Complex 

there remains abundant work to be done on this aspect of the complex. The amphibolite 

facies rocks which occur west of Jordan River remain poorly characterized. This area is 

rugged and relatively inaccessible, but a combined study of the metamorphism and 

structural geology of this area could provide valuable information about the accretion and 

exhumation of the complex. An investigation examining the relationships between the 

metamorphic facies in the Metchosin Igneous Complex with the overlying Pacific Rim 

Terrane would also likely yield interesting results. 
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Appendix 2: Uncertainties in Analyses of Trace Elements Performed by ICP-MS 
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Appendix 3: Petrography 

Both Alison Hartley and Glen Nevokshonoff used MIC-99-## as the numbering convention for 
their samples and consequently some sample numbers were duplicated in both collections. To avoid 
conhsion they are referred to using the numbering conventions AH-## for Alison Hartley's samples and 
GN-## for Glen Nevokshonoff s samples. Only Alison Hartley's basaltic samples are described herein. 

Sample: ST-08 Lithology: Pillow basalt 
Igneous Mineralogy: 20% plag, 10% cpx, 65% interstitial material, 5% opaque minerals 
Igneous Textures: 20% vesicles. 
Groundmass Alteration: Interstitial material altered to chlorite + prehnite + quartz, 100% albitization of 
plagioclase. 
Vesicle Assemblage: Prehnite + chlorite + quartz + actinolite + carbonate 

Sample: ST-09 Lithology: Massive flow 
Igneous Mineralogy: 50% plag, 40% cpx, 5% interstitial material, 5% opaque minerals 
Igneous Textures: subophitic clinopyroxene 
Groundmass Alteration: Interstitial material altered to chlorite + prehnite + quartz + actinolite; 5% 
albitization of plagioclase. 

Sample: ST-1 1 Lithology: Pervasively altered basalt 
Igneous Mineralogy: Indeterminate 
Igneous Textures: None 
Groundmass Alteration: Epidote + chlorite + actinolite + quartz. 
Vein Assemblage: Epidote + quartz + chlorite + actinolite. 

Sample: ST-1 5 Lithology: Massive flow 
Igneous Mineralogy: 40% plag, 50% cpx, 5% interstitial material, 5% opaque minerals 
Igneous Textures: Plagioclase is taxitic; 2% glomerocrysts, 100% of which are plagioclase, showing 
dissolution rims and extensive fracturing. 
Groundmass Alteration: Interstitial material altered to chlorite; -20% albitization of plagioclase. 
Vein Assemblages: 1) Chlorite + quartz + epidote + actinolite cross-cut by 2) carbonate 

Sample: ST-20 Lithology: Pillow basalt 
Igneous Mineralogy: 50% plag, 15% cpx, 30% interstitial material, 5% opaque minerals 
Igneous Textures: 15% vesicles. 
Groundmass Alteration: Interstitial material altered to chlorite + epidote + quartz; 100% albitization of 
plagioclase. 
Vesicle Assemblage: Epidote + chlorite + andradite + quartz + pyrite + magnetite + actinolite. 

Sample: ST-23 Lithology: Pillow basalt 
Igneous Mineralogy: 45% plag, 40% cpx, 5% interstitial material, 15% opaque minerals 
Groundmass Alteration: Interstitial material altered to chlorite + epidote + quartz; -10% albitization of 
plagioclase. 

Sample: ST-25 Lithology: Pillow basalt 
Igneous Mineralogy: 40% plag, 40% cpx, 10% interstitial material, 10% opaque minerals 
Igneous Textures: 10% vesicles; subophitic clinopyroxene. 
Groundmass Alteration: Interstitial material altered to chlorite + epidote + quartz + carbonate + 
actinolite; -40% albitization of plagioclase. 
Vesicle Assemblage: Chlorite + quartz + carbonate. 



Appendix 3: Petrography 

Sample: ST-35 Lithology: Pillow basalt 
Igneous Mineralogy: 10% plag, 5% cpx, 1% olivine, 80% interstitial material, 4% opaque minerals 
Igneous Textures: 10% vesicles; 10% glomerocrysts, 100% of which are plagioclase, showing dissolution 
rims and extensive fracturing. 
Groundmass Alteration: Interstitial material altered to chlorite + epidote + quartz + prehnite; -80% 
albitization of plagioclase. 
Vesicle Assemblage: Chlorite + quartz + epidote + prehnite. 
Vein Assemblages: 1) Chlorite + epidote + quartz cross-cut by 2) chlorite + quartz + prehnite cross-cut by 
3) quartz + carbonate + zeolite. 

Sample: ST-42 Lithology: Massive flow 
Igneous Mineralogy: 45% plag, 40% cpx, 10% interstitial material, 5% opaque minerals 
Igneous Textures: 2% vesicles. 
Groundmass Alteration: Interstitial material altered to chlorite; -40% albitization of plagioclase. 
Vesicle Assemblage: Chlorite. 

Sample: ST-43 Lithology: Pillow basalt 
Igneous Mineralogy: 25% plag, 5% cpx, 1% olivine, 65% interstitial material, 4% opaque minerals 
Igneous Textures: 10% vesicles; plagioclase is taxitic; 15% glomerocrysts, 100% of which are plagioclase, 
showing dissolution rims and extensive fracturing. 
Groundmass Alteration: Interstitial material altered to chlorite; -80% albitization of plagioclase. 
Vesicle Assemblage: Chlorite + quartz + carbonate + prehnite + zeolite. 
Vein Assemblages: 1) Quartz cross-cut by 2) carbonate + zeolite. 

Sample: ST-47 Lithology: Pillow basalt 
Igneous Mineralogy: 10% plag, 10% cpx, 1% olivine, 75% interstitial material, 4% opaque minerals 
Igneous Textures: 10% vesicles; 15% glomerocrysts, 50% of which are plagioclase and 50% of which are 
clinopyroxene, showing dissolution rims and extensive fracturing. 
Groundmass Alteration: Interstitial material altered to chlorite + epidote + quartz; -80% albitization of 
plagioclase. 
Vesicle Assemblage: Chlorite + quartz + epidote + prehnite. 
Vein Assemblages: 1) Epidote + chlorite + quartz cross-cut by 2) prehnite + quartz + chlorite. 

Sample: ST-48 Lithology: Inter-flow sediment 
Igneous Mineralogy: -2% relic clinopyroxene 
Groundmass Assemblage: Quartz + chlorite + albite + prehnite + carbonate. 

Sample: ST-5 1 Lithology: Pillow basalt 
Igneous Mineralogy: 50% plag, 35% cpx, 10% interstitial material, 5% opaque minerals 
Igneous Textures: 10% vesicles. 
Groundmass Alteration: Interstitial material altered to chlorite + prehnite + quartz; 100% albitization of 
plagioclase. 
Vesicle Assemblage: Chlorite + carbonate + epidote + quartz. 

Sample: ST-54 Lithology: Massive flow 
Igneous Mineralogy: 45% plag, 40% cpx, 10% interstitial material, 10% opaque minerals 
Igneous Textures: 12% vesicles. 
Groundmass Alteration: Interstitial material altered to chlorite + prehnite + epidote + quartz; 100% 
albitization of plagioclase. 
Vesicle Assemblage: Chlorite + quartz + epidote + prehnite. 



Appendix 3: Petrography 

Sample: ST-55 Lithology: Massive flow 
Igneous Mineralogy: 40% plag, 45% cpx, 10% interstitial material, 5% opaque minerals 
Igneous Textures: 15% vesicles. 
Groundmass Alteration: Interstitial material altered to chlorite + quartz; -60% albitization of plagioclase. 
Vesicle Assemblage: Prehnite + chlorite + quartz. 
Vein Assemblage: Prehnite + chlorite + quartz. 

Sample: ST-57 Lithology: Massive flow 
Igneous Mineralogy: 20% plag, 20% cpx, 50% interstitial material, 10% opaque minerals 
Igneous Textures: 5% vesicles. 
Groundmass Alteration: Interstitial material altered to chlorite + quartz + prehnite; -90% albitization of 
plagioclase. 
Vesicle Assemblage: Chlorite + prehnite + quartz + epidote + carbonate + magnetite. 
Vein Assemblages: 1) Epidote + quartz + chlorite cross-cut by 2) prehnite + quartz + chlorite. 

Sample: ST-59 Lithology: Pillow basalt 
Igneous Mineralogy: 50% plag, 25% cpx, 20% interstitial material, 5% opaque minerals 
Igneous Textures: 12% vesicles; plagioclase is taxitic; vesicles have rapidly quenched rims indicating 
vesicle rupture during cooling. 
Groundmass Alteration: Interstitial material altered to chlorite + epidote + quartz; 100% albitization of 
plagioclase. 
Vesicle Assemblage: Epidote + chlorite + quartz + pyrite + magnetite. 
Vein Assemblages: 1) Epidote + quartz + chlorite. 

Sample: ST-62 Lithology: Pillow basalt 
Igneous Mineralogy: 45% plag, 40% cpx, 10% interstitial material, 5% opaque minerals 
Igneous Textures: 4% vesicles. 
Groundmass Alteration: Interstitial material altered to chlorite + prehnite + epidote + quartz + carbonate; 
-10% albitization of plagioclase. 
Vesicle Assemblage: Chlorite + quartz + prehnite + epidote. 
Vein Assemblage: Quartz + chlorite. 

Sample: ST-64 Lithology: Inter-flow sediment 
Igneous Mineralogy: >1% relic clinopyroxene 
Groundmass Assemblage: Quartz + chlorite + albite + prehnite + carbonate. 

Sample: ST-65 Lithology: Pillow basalt 
Igneous Mineralogy: 40% plag, 35% cpx, 20% interstitial material, 5% opaque minerals 
Igneous Textures: 12% vesicles; plagioclase is taxitic; vesicles have rapidly quenched rims indicating 
vesicle rupture during cooling. 
Groundmass Alteration: Interstitial material altered to chlorite + quartz + epidote; 100% albitization of 
plagioclase. 
Vesicle Assemblage: Chlorite + epidote + quartz + actinolite + prehnite + pyrite + chalcopyrite. 
Vein Assemblages: 1) Epidote + quartz + chlorite cross-cut by 2) carbonate + zeolite. 

Sample: ST-66 Lithology: Massive flow 
Igneous Mineralogy: 50% plag, 30% cpx, 5% interstitial material, 15% opaque minerals 
Groundmass Alteration: Interstitial material altered to chlorite + quartz + epidote; 100% albitization of 
plagioclase; heavily fractured. 
Vesicle Assemblage: Chlorite + epidote + quartz. 
Vein Assemblages: 1) Epidote + quartz + chlorite cross-cut by 2) carbonate + chlorite. 



Appendix 3: Petrography 

Sample: ST-69 Lithology: Pervasively altered, possibly gabbro 
Igneous Mineralogy: Relic medium grained plagioclase and clinopyroxene 
Igneous Textures: None 
Groundmass Alteration: Actinolite + epidote + chlorite + quartz + prehnite. 
Vein Assemblage: Epidote + quartz + chlorite + actinolite + prehnite. 

Sample: ST-70 Lithology: Greenschist 
Metamorphic Textures: Unfoliated; veins exhibit ductile deformation. 
Groundmass Assemblage: Epidote + chlorite + actinolite + plagioclase + quartz + magnetite. 
Vein Assemblage: Epidote + quartz + chlorite. 

Sample: ST-72 Lithology: Greenschist 
Metamorphic Textures: Weakly foliated. 
Groundmass Assemblage: Actinolite + epidote + quartz + plagioclase + chlorite + magnetite. 

Sample: ST-75 Lithology: Greenschist 
Metamorphic Textures: Weakly foliated. 
Groundmass Assemblage: Actinolite + epidote + quartz + plagioclase + chlorite + magnetite. 
Vein Assemblage: Epidote + actinolite + quartz + chlorite. 

Sample: ST-77 Lithology: Greenschist 
Metamorphic Textures: Weakly foliated. 
Groundmass Assemblage: Actinolite + epidote + quartz + plagioclase + chlorite + magnetite. 
Vein Assemblage: Epidote + quartz + actinolite + chlorite. 

Sample: ST-78 Lithology: Greenschist 
Metamorphic Textures: Unfoliated. 
Groundmass Assemblage: Actinolite + chlorite + plagioclase + epidote + quartz. 
Vesicle Assemblage: Epidote + quartz + chlorite + actinolite + pyrite. 

Sample: ST-79 Lithology: Pervasively altered volcaniclastic 
Metamorphic Textures: Pseudomorphs of original volcanic clasts. 
Groundmass Assemblage: Epidote + chlorite + quartz + actinolite + plagioclase. 

Sample: ST-80 Lithology: Massive flow 
Igneous Mineralogy: 60% plag, 10% cpx, 20% interstitial material, 10% opaque minerals 
Groundmass Alteration: Interstitial material altered to chlorite + epidote + quartz + actinolite; -60% 
albitization of plagioclase. 
Vesicle Assemblage: Chlorite + epidote + quartz + actinolite. 

Sample: ST-83 Lithology: Greenschist 
Metamorphic Textures: Unfoliated. 
Groundmass Assemblage: Actinolite + plagioclase + epidote + quartz + chlorite + pyrite. 
Vein Assemblage: Epidote + quartz + actinolite. 

Sample: ST-87 Lithology: Greenschist 
Metamorphic Textures: Unfoliated; Epidote-actinolite veins exhibit ductile deformation. 
Groundmass Assemblage: Chlorite + epidote + quartz + plagioclase + actinolite + pyrite. 
Vein Assemblages: 1) Epidote + actinolite + quartz + chlorite cross-cut by 2) quartz + chlorite. 



Appendix 3: Petrography 

Sample: ST-88 Lithology: Pervasively altered volcaniclastic 
Metamorphic Textures: Pseudomorphs of original volcanic clasts; relic plagioclase preserved in some 
clasts. 
Groundmass Assemblage: Actinolite + quartz + epidote + chlorite + plagioclase + prehnite + magnetite + 
pyrite + chalcopyrite. 

Sample: ST-89 Lithology: Massive flow 
Igneous Mineralogy: 40% plag, 40% cpx, 10% interstitial material, 10% opaque minerals. 
Igneous Textures: Subophitic clinopyroxene 
Groundmass Alteration: Interstitial material altered to chlorite + actinolite + epidote + quartz + prehnite; 
0% albitization of plagioclase. 

Sample: ST-90 Lithology: Greenschist 
Metamorphic Textures: Unfoliated; Epidote-actinolite veins exhibit ductile deformation. 
Groundmass Assemblage: Actinolite + epidote + quartz + plagioclase + chlorite + pyrite. 
Vein Assemblages: 1) Actinolite + quartz cross-cut by 2) Epidote + quartz cross-cut by 3) chlorite cross- 
cut by 4) carbonate. 

Sample: ST-92 Lithology: Greenschist 
Metamorphic Textures: Unfoliated. 
Groundmass Assemblage: Actinolite + epidote + quartz + plagioclase + chlorite + magnetite. 
Vein Assemblages: 1) Actinolite + quartz + epidote + chlorite cross-cut by 2) Chlorite + quartz. 

Sample: ST-94 Lithology: Greenschist 
Metamorphic Textures: Unfoliated. 
Groundmass Assemblage: Quartz + chlorite + epidote + plagioclase + pyrite. 
Vein Assemblages: 1) Actinolite + quartz + epidote + chlorite cross-cut by 2) Chlorite + quartz. 

Sample: ST-95 Lithology: Massive flow 
Igneous Mineralogy: 40% plag, 35% cpx, 15% interstitial material, 10% opaque minerals. 
Igneous Textures: 10% vesicles. 
Groundmass Alteration: Interstitial material altered to chlorite + epidote + quartz + carbonate + 
actinolite; -20% albitization of plagioclase. 
Vesicle Assemblage: Chlorite + carbonate + quartz + actinolite. 

Sample: ST-96 Lithology: Pillow basalt 
Igneous Mineralogy: 10% plag, 15% cpx, 70% interstitial material, 5% opaque minerals. 
Igneous Textures: 15% vesicles. 
Groundmass Alteration: Interstitial material altered to chlorite + epidote + quartz + actinolite; -50% 
albitization of plagioclase. 
Vesicle Assemblage: Chlorite + prehnite + zeolite + carbonate + quartz + actinolite. 
Vein Assemblage: Zeolite + carbonate. 

Sample: ST-97 Lithology: Pillow basalt 
Igneous Mineralogy: 50% plag, 35% cpx, 10% interstitial material, 5% opaque minerals. 
Groundmass Alteration: Interstitial material altered to chlorite + epidote + quartz; -60% albitization of 
plagioclase. 
Vein Assemblage: Prehnite + chlorite + quartz. 



Appendix 3: Petrography 

Sample: ST-98 Lithology: Massive flow 
Igneous Mineralogy: 10% plag, 10% cpx, 70% interstitial material, 10% opaque minerals. 
Igneous Textures: 2% glomerocrysts, 100% of which are clinopyroxene, showing dissolution rims and 
extensive fracturing. 
Groundmass Alteration: Interstitial material altered to chlorite + epidote + quartz; 100% albitization of 
plagioclase. 
Vein Assemblages: 1) Epidote + quartz + chlorite cross-cut by 2) chlorite + quartz. 

Sample: ST-99 Lithology: Gabbro 
Igneous Mineralogy: 25% plag, 60% cpx, 5% opaque minerals. 
Igneous Textures: Ophitic to subophitic clinopyroxene. 
Groundmass Alteration: Groundmass altered to chlorite + epidote + actinolite + quartz + prehnite; -40% 
albitization of plagioclase. 
Vein Assemblage: Epidote + quartz + chlorite. 

Sample: ST- 101 Lithology: Pillow basalt 
Igneous Mineralogy: 35% plag, 50% cpx, 10% interstitial material, 5% opaque minerals. 
Igneous Textures: Subophitic clinopyroxene. 
Groundmass Alteration: Interstitial material altered to chlorite + actinolite + epidote + quartz; -30% 
albitization of plagioclase. 

Sample: ST-103 Lithology: Pillow basalt 
Igneous Mineralogy: 45% plag, 30% cpx, 20% interstitial material, 5% opaque minerals. 
Igneous Textures: 5% vesicles. 
Groundmass Alteration: Interstitial material altered to chlorite + epidote + quartz; 100% albitization of 
plagioclase. 
Vesicle Assemblage: Chlorite 
Vein Assemblages: 1) Epidote + quartz + chlorite cross-cut by 2) chlorite + quartz. 

Sample: ST- 107 Lithology: Fault gouge 
Groundmass Assemblage: Chlorite + epidote + quartz + actinolite + plagioclase. 
Vein Assemblages: 1) Epidote + quartz + chlorite + actinolite cross-cut by 2) Quartz + chlorite. 

Sample: ST-109 Lithology: Fault gouge 
Groundmass Assemblage: Epidote + quartz + chlorite + plagioclase + actinolite + magnetite. 
Vein Assemblage: Epidote + quartz + chlorite. 

Sample: ST-1 10 Lithology: Pillow basalt 
Igneous Mineralogy: 30% plag, 10% cpx, 50% interstitial material, 10% opaque minerals. 
Igneous Textures: 10% vesicles. 
Groundmass Alteration: Interstitial material altered to chlorite + epidote + quartz; 100% albitization of 
plagioclase. 
Vesicle Assemblage: Chlorite + epidote + quartz 
Vein Assemblage: Chlorite + epidote + quartz. 

Sample: ST-1 11 Lithology: Pillow basalt 
Igneous Mineralogy: 50% plag, 35% cpx, 5% interstitial material, 10% opaque minerals. 
Igneous Textures: 2% glomerocrysts, 100% of which are plagioclase, showing dissolution rims and 
extensive fracturing. 
Groundmass Alteration: Interstitial material altered to chlorite + epidote + quartz; 100% albitization of 
plagioclase. 
Vein Assemblage: Chlorite + epidote + quartz overlain by bands of hematite staining. 



Appendix 3: Petrography 

Sample: ST-1 12 Lithology: Pillow basalt 
Igneous Mineralogy: 45% plag, 30% cpx, 20% interstitial material, 5% opaque minerals. 
Igneous Textures: 10% vesicles. 
Groundmass Alteration: Interstitial material altered to chlorite + epidote + quartz; 100% albitization of 
plagioclase. 
Vesicle Assemblage: Epidote + carbonate + andradite-grossular + chlorite + quartz. 

Sample: ST- 1 15 Lithology: Amphibolite 
Metamorphic Textures: Strongly foliated. 
Groundmass Assemblage: Hornblende + plagioclase + quartz + epidote. 
Vein Assemblages: 1) Quartz + epidote + chlorite cross-cut by 2) Chlorite + quartz. 

Sample: ST-1 18 Lithology: Amphibolite 
Metamorphic Textures: Weakly foliated. 
Groundmass Assemblage: Hornblende + plagioclase + quartz + epidote + magnetite. 

Sample: GN-03 Lithology: Pillow basalt 
Igneous Mineralogy: 10% plag, 5% cpx, 1% olivine, 80% interstitial material, 4% opaque minerals 
Igneous Textures: 15% vesicles. 
Groundmass Alteration: Interstitial material altered to chlorite; 100% albitization of plagioclase. 
Vesicle Assemblage: Prehnite + quartz + chlorite + epidote + carbonate + magnetite. 
Vein Assemblage: Prehnite + quartz + chlorite. 

Sample: GN-05 Lithology: Pillow basalt 
Igneous Mineralogy: 20% plag, 5% cpx, 1% olivine, 70% interstitial material, 4% opaque minerals 
Igneous Textures: 12% glomerocrysts, 100% of which are plagioclase, showing dissolution rims and 
extensive fracturing. 
Groundmass Alteration: Interstitial material altered to chlorite actinolite; -80% albitization of 
plagioclase. 
Vein Assemblage: Chlorite + epidote + quartz. 

Sample: GN-OX Lithology: Pillow basalt 
Igneous Mineralogy: 50% plag, 40% cpx, 1% olivine, 5% interstitial material, 4% opaque minerals 
Igneous Textures: 5% vesicles; vesicles have rapidly quenched rims indicating rupture during cooling. 
Groundmass Alteration: Interstitial material altered to chlorite + actinolite + epidote + quartz; 100% 
albitization of plagioclase. 
Vesicle Assemblage: Chlorite + quartz + carbonate + epidote + actinolite. 
Vein Assemblage: Chlorite + quartz + carbonate. 

Sample: GN-09 Lithology: Pillow basalt 
Igneous Mineralogy: 50% plag, 35% cpx, 10% interstitial material, 5% opaque minerals 
Igneous Textures: 1 % vesicles; 1% glomerocrysts, 100% of which are plagioclase, showing dissolution 
rims and extensive fracturing. 
Groundmass Alteration: Interstitial material altered to chlorite; -10% albitization of plagioclase. 
Vesicle Assemblage: Chlorite + prehnite + magnetite. 

Sample: GN- 12 Lithology: Pillow basalt 
Igneous Mineralogy: 50% plag, 40% cpx, 5% interstitial material, 5% opaque minerals 
Igneous Textures: 15% vesicles. 
Groundmass Alteration: Interstitial material altered to chlorite + epidote + quartz + actinolite; 100% 
albitization of plagioclase. 
Vesicle Assemblage: Chlorite + quartz + epidote + actinolite + garnet + pyrite. 
Vein Assemblages: 1) Chlorite + epidote + quartz. 



Appendix 3: Petrography 

Sample: GN- 13 Lithology: Pillow basalt 
Igneous Mineralogy: 40% plag, 35% cpx, 10% interstitial material, 5% opaque minerals 
Igneous Textures: Subophitic clinopyroxene. 
Groundmass Alteration: Interstitial material altered to chlorite + carbonate + epidote + quartz; -30% 
albitization of plagioclase. 

Sample: GN- 15 Lithology: Massive flow 
Igneous Mineralogy: 40% plag, 40% cpx, 10% interstitial material, 10% opaque minerals 
Igneous Textures: 10% glomerocrysts, 100% of which are plagioclase, showing dissolution rims and 
extensive fracturing. 
Groundmass Alteration: Interstitial material altered to chlorite + prehnite + quartz; 100% albitization of 
plagioclase. 
Vein Assemblages: 1) Prehnite + chlorite + quartz. 

Sample: GN- 16 Lithology: Pillow basalt 
Igneous Mineralogy: 10% plag, 5% cpx, 1% olivine, 80% interstitial material, 4% opaque minerals 
Igneous Textures: 10% vesicles; vesicles have rapidly quenched rims indicating vesicle rupture during 
cooling. 
Groundmass Alteration: Interstitial material altered to chlorite + prehnite + quartz; 100% albitization of 
plagioclase. 
Vesicle Assemblage: Prehnite + quartz + chlorite + carbonate + magnetite. 
Vein Assemblage: prehnite + quartz + chlorite. 

Sample: AH-04 Lithology: Pillow basalt 
Igneous Mineralogy: 10% plag, 5% cpx, 1% olivine, 80% interstitial material, 4% opaque minerals 
Igneous Textures: 10% vesicles; vesicles have rapidly quenched rims indicating vesicle rupture during 
cooling ; 10% glomerocrysts, 50% of which are clinopyroxene and 50% of which are plagioclase, showing 
dissolution rims and extensive fracturing. 
Groundmass Alteration: Interstitial material altered to chlorite; 0% albitization of plagioclase. 
Vesicle Assemblage: Chlorite. 
Vein Assemblages: 1) Chlorite + epidote + quartz cross-cut by 2) carbonate + zeolite. 

Sample: AH- 16 Lithology: Pillow basalt 
Igneous Mineralogy: 45% plag, 40% cpx, 10% interstitial material, 5% opaque minerals 
Igneous Textures: 10% vesicles; 5% glomerocrysts, 70% of which are clinopyroxene and 30% of which 
are plagioclase, showing dissolution rims and extensive fracturing. 
Groundmass Alteration: Interstitial material altered to chlorite + epidote + actinolite + quartz; 100% 
albitization of plagioclase. 
Vesicle Assemblage: Actinolite + chlorite + epidote + quartz. 
Vein Assemblage: Chlorite + epidote + quartz. 

Sample: AH-3 1 Lithology: Pillow basalt 
Igneous Mineralogy: 30% plag, 35% cpx, 30% interstitial material, 5% opaque minerals 
Igneous Textures: 5% glomerocrysts, 20% of which are clinopyroxene and 80% of which are plagioclase, 
showing dissolution rims and extensive fracturing. 
Groundmass Alteration: Interstitial material altered to chlorite + epidote + quartz+ prehnite; -80% 
albitization of plagioclase. 
Vein Assemblages: 1) Chlorite + prehnite + quartz. 



Appendix 3: Petrography 

Sample: AH-34 Lithology: Pillow basalt 
Igneous Mineralogy: 10% plag, 10% cpx, 1% olivine, 75% interstitial material, 4% opaque minerals 
Igneous Textures: 10% vesicles; 5% glomerocrysts, 50% of which are clinopyroxene and 50% of which 
are plagioclase, showing dissolution rims and extensive fracturing. 
Groundmass Alteration: Interstitial material altered to chlorite + epidote + quartz; 100% albitization of 
plagioclase. 
Vesicle Assemblage: Chlorite + epidote + quartz. 
Vein Assemblage: Chlorite + quartz + carbonate. 
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Appendix 5: Sample Calculations and Error Propagations 

In the following calculations, "E" refers to the absolute error, whereas "%E" 
refers to the relative error in percent. 

Calculation of FeO and Fez03 from ~ e 2 0 3 ~ :  

wt% FeO = wt% ~ e 2 0 3 ~  x 0.8998 g FeOIg Fe203 x 0.85. 
9.77 wt% FeO = 12.8 wt% ~ e 2 0 3 ~  x 0.8998 g FeOIg Fe203 x 0.85. 

Recalculation of weight percent oxides to 100 wt% anhydrous total: 

%ESi02(anhyd) = %Esi02(hyd) 
%ACCsio2(anhyd) = %ACCsi02(hyd) = 0.5% 
This calculation applies to all major element weight percent oxides. 

Calculation of Mg#: 

Mg# = moles MgI(mo1es Mg + moles Fe) 
Mg# = wt% Mg0140.30 glmol 1 (wt% Mg0140.30 glmol + wt% FeOt71.85 glmol) 
0.52 = 6.25%/40.30 glmol/(6.25%/40.30 glmol + 10.2%/71.85 glmol) 

%EM,# = (%EM,O~+(((EM,O/~O.~O glmo1)2+(~~eo/7 1.85 g/mol)2)'/ 
(Mg0140.30 glmol +Fe0/71.85 glmol))2)" 

%AccM,# = (1 %2+(( (~ .~625 wt%l40.30 g/mo1)2+(0. 102 wt%/7 1.85 glmol)2)'l 
(6.25 wt%/40.30 g/mol+10.2 wt%/7 1.85 glmol))2)" 

= 1.24% 



Appendix 5: Sample Calculations and Error Propagations 

Calculation of ANb: 

ANb = 1.74 + log(NbN) - 1.92 x log(ZrN) 
ANb = 1.74 + log(6 p p d 2 9  ppm) - 1.92 x log(95 p p d 2 9  ppm) 
ANb = 0.06 

EAm = ( ( 0 . 4 3 4 ~ ( % ~ ~ ~  + %Ey2)'l2 + ( 1 . 9 2 ~ 0 . 4 3 4 ~ ( % ~ ~ :  + % ~ y ~ ) ' / ' ) ~ ) %  
% 2 %  Prec~m = ((0.434~(1.6%~ + 0.01%')")~ + (1.92~0.434~(0..5%~ + 0.01%~) ) ) 

Prec~m =O. 8 

Calculation of Europium anomaly: 

Eu* = EuN/(s~NxG~N)% = 16.7/(21.6~21.3)%= 0.78 

%EE~* = ( % E E ~ ~  + ((%Esm2 + % E G ~ ~ )  '12)~)' 
%AccE~* = (4.9%2 + ((1 .6%2 + 8.6%2) '12)~)' = 6.6% 

Calculation of (La/Sm)N: 

(LalSm)~ = L a ~ l s m ~  = 20.0121.6 = 0.93 

%E(L~/s~)N = (%EL: + %Esm2)% 
% A c c ( L ~ / ~ ~ ) N  = (3.0%~ + I .6%2)' = 3.4% 

The calculation of (LalYb)~ is identical. 


